By use of poly(dA-dT) as template and Escherlchla coll RNA polymerase, several metal ions were tested for their effect on the efficiency of transcription and on the misincorporation of CMP into the poly(rA-rU) product. In the presence of 10 mM MgCl2, M n 2 + has a stimulatory effect on the transcription, Co 2 + has very little effect on the reaction, Cu 2 + and Zn 2 + are strongly inhibitory, and Cd 2 + and N i 2 + are less inhibitory. The background misincorporation of CMP in the presence of MgCl2 is about 1 nucleotide per 2000 correct nucleotides incorporated and is independent of M g 2 + concentration. Zn 2+ , Ca 2+ , Sr 2+ , Li + , Na + , and K* -all nonmutagenic and noncarclnogenic -do not increase misincorporation. M n 2 + causes a concentration-dependent threefold increase in the misincorporation that can be slightly reversed at higher MgCl2 concentrations. Cd 2 + causes a dramatic Increase in the misincorporation with increasing (MCI2 concentration that can be substantially overcome by higher concentrations of Mg 2 + . Cu 2 + also increases the misincorporation, Ni' + slightly increases it, and Co 2 + does not increase it at all. Several control experiments indicate that the misincorporation of CMP is dependent on the templatedirected synthesis of poly(rA-rU). Nearest-neighbor analysis indicates that CMP is incorporated in place of IMP into the poly(rA-rU) product. The increase in misincorporation appears to be related both to the "hard-soft" character of the metal ions and to their carcinogenic potential.
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INTRODUCTION
Divalent metal ions play a crucial role in enzymatic reactions involving phosphate transfer. In almost all cases, M g 2 + is the preferred cation serving as a cofactor of the reaction. M n 2 + can replace M g 2 + in most reactions and in some cases Co 2 + and Zn 2 + can only partially replace Mg 2 + . The ability of metal ions to react with various electron donor sites on polynucleotides as well as to provide optimal conditions for the RNA polymerase reaction has received considerable attention (1) (2) (3) (4) (5) (6) (7) (8) . Certain metals have been identified as potential environmental carcinogens through occupational exposure as well as in the laboratory (9,_10). Metal ions in this category as well as metal mutagens have been shown to decrease the fidelity of DNA synthesis in vitro (11) . Such metal ions also stimulate RNA chain initiation in vitro at concentrations that inhibit overall RNA synthesis, whereas metal ions not in this category inhibit initiation at concentrations that inhibit overall synthesis (12) .
Investigators from various laboratories have revealed that RNA polymerase can insert noncomplementary nucleotides into RNA during transcription of polydeoxynucleotides (13) (14) (15) (16) (17) (17) found that the highest ratio of noncomplementary to complementary nucleotides incorporated followed the order CMP > AMP > UMP > GMP. The frequency of misincorporation was not significantly affected by the nature of the template, but primarily by the 2+ type of noncomplementary nucleotide. Rather surprisingly, Mn , a known mutagen that has been shown to decrease the fidelity of DNA synthesis (11) , increased the fidelity of transcription of poly(dA-dT) by E. coli RNA polymerase (17) .
Studies of replication and transcription are usually conducted at an optimal alkaline pH (7.8-8.1) and in the presence of reducing agents like 2-mercaptoethanol and dithiothreitrol, conditions that cause precipitation of some of the test metals, particularly at higher metal ion concentration, thereby causing artifacts and difficulty in assessing the effective metal ion concentration (Niyogi and Feldman, unpublished observations). Accordingly, we undertook an examination of the effects of several metal ,XM 2 + ^J 2 + " 2+ ,,.2+ " 2+ 2+ " 2+ " 2+ " 2+ " + "+ ions (Mn , Cd , Cu , Ni , Co , Sr , Ca , Mg , Zn , Na , K , and Li ) on misincorporation during transcription of the well-defined template poly(dA-dT) with E. coli RNA polymerase under conditions of lower pH, namely 7.1, and absence of reducing agents so that the metal ions remained in solution. These investigations comprise the subject of this manuscript.
MATERIALS AND METHODS
Unlabeled ribonucleoside triphosphates were products of P-L Biochemicals. Only those batches of labeled CTP were used that were free of UTP. Poly(dA-dT) was purchased from Miles Laboratories and dialyzed against 10 mM Tris-HCl (pH 7.1) before use.
RNA polymerase from J2. coli B was purified according to the method of Stevens (19) , except that the final sucrose density gradient centrifugation step was replaced by the glycerol gradient centrifugation procedure of Burgess The 2',(3') ribonucleotides produced by alkaline hydrolysis of the polyribonucleotide products were separated by Biogel DM2 column chromatography similar to that described by Fujimura (21) .
RESULTS

Control experiments
A. Effect of reaction conditions on efficiency of transcription. Studies in our laboratory have shown that alkaline pH (7. shows the greatest inhibition, at CuCl, concentrations of 0.02, 0.05, 2+ and 0.07 mM, the residual reaction is 85, 14, and 0.5%, respectively. Zn is also strongly inhibitory, at ZnCl 2 concentrations of 0.02, 0.07, 0.10, 0.15, and 0.20 mM, the residual reaction is 90, 65, 25, 13, and 5%, respectively. Zn has a similar inhibitory effect with calf thymus DNA or phage T4 DNA as template (Niyogi, Feldman, and Hoffman, manuscript in preparation). This inhibition by Zn~ is somewhat surprising, because E. coli RNA polymerase, and in fact all the RNA polymerases studied thus far, appear to have very tightly bound Zn as an integral part of the enzyme (22) (23) (24) (25) (26) (27) be pointed out that both the stimulatory and inhibitory effects are observed at much lower concentrations of the metal ions at pH 7.1 and in the absence of 2-mercaptoethanol than at pH 8.1 in the presence of 2-mercaptoethanol.
The latter conditions lead to precipitation of the metals, thereby reducing the effective metal ion concentration in solution. This point will be discussed in detail in a subsequent publication (Niyogi, Feldman, and Hoffman, manuscript in preparation).
Effect of MnCl,, on misincorporation of CMP during poly(rA-rU) synthesis.
As shown in Table I Table I , there is a suggestion that the Mn effect is overcome with increasing concentrations of MgCl_, particularly at very low (0.1 and 0.2 mM) MnCl. concentrations. MgCl_ has no effect on the misincorporation at higher concentrations of MnCl,.
Effect of CdCl,, on misincorporation of CMP during poly(rA-rU) synthesis.
As shown in Table II , there is a dramatic increase in the misincorporation of CMP in the presence of increasing concentrations of CdCl.. Because of the great inhibition of the reaction at CdCl_ concentrations > 1.0 mM, the exact values of the misincorporation of CMP at these higher concentrations should be accepted with some caution, although these values are still considerably higher than the zero-time background incorporation of CMP, and there is a definite CdCl, concentration-dependent increase in the misincorporation (Table II) . Unfortunately, the misincorporation could not be studied at Effect of CuCl^ on misincorporation of CMP during poly(rA-rU) synthesis. 2+ Because of the extremely inhibitory effect of Cu on the transcription reaction (Fig. 1 ) , its effect could be studied at only a few concentrations. At CuCl 2 concentrations of 0.0, 0.02, 0.05, and 0.07 mM (the overall transcription being 100, 85, 14, and 0.5%, respectively), the misincorporation of CMP is 0.90, 0.92, 1.65, and 2.52, respectively, per 2000 residues of complementary nucleotides incorporated.
Effect of NiCl., and CoCl,, on misincorporation of CMP during poly(rA-rU) synthesis. In the presence of 10 mM MgCl_ and at NiCl, concentrations of 0.0, 0.1, 0.2, 0.3, 0.5, 1.0, 1.5, and 2.0 mM (the overall transcription being 100, 85, 65, 60, 52, 36, 25, and 17%, respectively), the misincorporation of CMP is 1.2, 1.3, 1.4, 1.4, 1.5, 1.5, 1.6, and 1.7 pmol, respectively, per 2000 pmol of correct complementary nucleotides incorporated. Because of this small increase, the effect of MgCl-concentration was not studied in this case.
CoCl., at the above concentrations and in the presence of 10 mM MgCl., has 2 + 2 + virtually no effect on the misincorporation of CMP. Since Co , like Mn , 2+ is able to support RNA synthesis without the addition of Mg , its effect was studied in the absence of MgCl_. Even up to a concentration of 10 mM, CoClhas practically no effect on the misincorporation of CMP.
Nearest-neighbor analysis of the polyribonucleotide product. As a test of the manner of incorporation of CMP, the polyribonucleotide product synthesized with poly(dA-dT) as a template and with [a-P]CTP as the noncomplementary nucleotide and UTP + ATP as the complementary nucleotides 32 was hydrolyzed with alkali so that the P was transferred to the 5'-adjacent nucleotide. After separation of the nucleotides on a Biogel DM2 column (21) , practically all ( -\ -99%) of the 3 2 P was found in 2',(3')AMP and virtually none in UMP or CMP (Table III) It is interesting that higher concentrations of MgCl_ are able to 2+ 2+ partially overcome the misincorporation caused by Mn and Cd , particularly at the lower concentrations of these metal ions. It would 2+ indeed be useful to study whether Mg has a similar effect with other 2+ 2+ + error-causing metal ions. Among other metal ions tested, Zn , Ca , Sr , Li , Na , and K -all nonmutagenic and noncarcinogenic metals -did not increase misincorporation of CMP during poly(dA-dT) transcription (Niyogi and Feldman, unpublished observations). It was, however, rather surprising that Ni increased misincorporation of CMP to only a small extent and 2+ Co had practically no effect on the misincorporation, particularly since both metals are known mutagens and carcinogens (10) .
In view of the above, the carcinogenic potential of different metal ions cannot be used as the sole rationale for the increase in misincorporation caused by the ions. Our results could be partially explained on the basis of the "hard-soft" character of the metal ions (34). 
